BACKGROUND AND PURPOSE: Routine MR imaging findings are frequently normal following mild traumatic brain injury and have a limited role in diagnosis and management. Advanced MR imaging can assist in detecting pathology and prognostication but is not readily available outside research settings. However, 3D isotropic sequences with 1-mm 3 voxel size are available on community MR imaging scanners. Using such sequences, we compared radiologists' findings and quantified regional brain volumes between a mild traumatic brain injury cohort and non-brain-injured controls to describe structural imaging findings associated with mild traumatic brain injury.
M any patients experiencing mild traumatic brain injury (mTBI) report symptom resolution and return to baseline function within 3 months. A subset (3%-53%) develop postconcussive symptoms that persist months to years postinjury, [1] [2] [3] including dizziness, headache, cognitive deficits, sleep disturbances, tinnitus, visual symptoms, and behavioral/affective changes. 1, 4 Because symptoms are nonspecific to mTBI and routine clinical neuroimaging findings are frequently normal, identifying imaging correlates and biomarkers of postconcussive syndrome is of clinical importance.
MR imaging is the appropriate technique for patients with subacute or chronic mTBI with cognitive or neurologic deficits, 5 but routine clinical MR imaging may have limited utility for diagnosis and management. 6 Advanced MR imaging sequences obtained at 3T field strength demonstrate changes not typically observable in routine clinical MR imaging. DTI, MR spectroscopy, fMRI, and perfusion techniques assist in pathology detection and may provide improved diagnostic and prognostic indicators; 6 however, postacquisition processing is required, group-based differences can be difficult to apply to individual patients, and such techniques are not readily available in community settings. High-resolution structural imaging (3D sequences with isotropic 1-mm 3 voxels that can be reconstructed in all planes) can be acquired on routine clinical scanners without time-intensive postprocessing. High-resolution MR imaging scans, recommended by the Defense Centers of Excellence, 7 are regarded as best practice for traumatic brain injury (TBI).
A challenge in the interpretation of such structural imaging is determining the importance of imaging findings identified more easily at higher resolution and field strengths. 8 White matter hyperintensities (WMHs), dilated perivascular spaces, pineal gland cysts, and pituitary gland abnormalities have been identified in both mTBI and healthy cohorts, 9, 10 and the imaging manifestation of multifocal T2 and FLAIR hyperintensity is visible across conditions including demyelination, inflammation, chronic small vessel ischemia, normal aging, migraine headaches, and moderate/severe TBI. Recent studies in military populations have demonstrated similar rates of WMH in mTBI and non-head trauma groups (Tate et al, 11 41% mTBI versus 49% orthopedically injured versus 29% posttraumatic stress disorder only; and Riedy et al, 9 51 .8% mTBI versus 38.1% healthy controls).
Established software packages (eg, FreeSurfer; http://surfer. nmr.mgh.harvard.edu) 12 can quantify regional white matter and gray matter volumes, with longitudinal decreases in brain volumes following mTBI 13 in the anterior cingulate white matter bilaterally, left cingulate gyrus isthmus white matter, and right precuneal gray matter. Many studies report group differences, but large between-and within-group variance limits interpretation for individual patient diagnosis.
In this article, we describe the clinical interpretation and volumetric analysis of MR imaging scans acquired during the BIMA (Brain Injury and Mechanisms of Action of HBO2 for Persistent Post-Concussive Symptoms After Mild Traumatic Brain Injury) study, 14 a randomized, double-blind study of hyperbaric oxygen in US military personnel with persistent postconcussive symptoms after mTBI (clinicaltrials.gov: NCT01611194). A complementary observational study, NORMAL (Development of Normative Datasets for Assessments Planned for Use in Patients With Mild Traumatic Brain Injury), 15 evaluated nonbrain-injured volunteers using the same imaging protocol on the same scanner (clinicaltrials.gov: NCT01925963). We compare baseline structural imaging findings, WMH burden, and segmented white and gray matter volumes between mTBI and healthy control groups. We also test imaging findings for correlation with injury characteristics and clinical outcome and compare the results with those of other military mTBI cohorts.
MATERIALS AND METHODS

Study Populations
BIMA enrolled 71 military personnel (70 with MR imaging data are included in the analysis) with $3 persistent symptoms from active duty mTBI 3 months to 5 years before enrollment. Mild TBI was assessed by structured interview 16 and included loss of consciousness of #30 minutes, altered consciousness of #24 hours, or posttraumatic amnesia of #1 day. Seventy participants with complete MR imaging data are included in this report. NORMAL enrolled 75 participants; prior stroke, infection, therapeutic ionizing radiation exposure, neurologic disorder, chronic migraine headaches, drug/alcohol abuse, and diabetes mellitus were exclusionary. Primary study results are published elsewhere. 14, 15 The United States Army Medical Research and Materiel Command institutional review board approved the studies, and participants provided written informed consent.
MR Imaging Protocol
Participants underwent 3T structural MR imaging (Achieva, Software Release 3.2; Philips Healthcare, Best, the Netherlands; 32-channel sensitivity encoding head coil) without the use of gadolinium at Evans Army Community Hospital, a 92-bed community hospital. Three trained technologists performed the imaging protocol. Although there was no on-site MR imaging physicist, experienced MR imaging researchers made frequent visits for training and setup, quality control, and troubleshooting. The complete MR imaging acquisition protocol is provided elsewhere. 17 Participants underwent an initial quick-scan protocol consisting of rapid T2 and FLAIR sequences, which were loaded onto the hospital PACS system and interpreted at the time of imaging by a hospital radiologist to screen for major abnormalities and document the MR imaging in the military medical record.
Structural sequences were acquired at a spatial resolution as high as possible while maintaining good signal quality. Anatomic images included isotropic 3D T1-weighted, T2-weighted, T2 FLAIR, and 2D T2*-weighted. The full MR imaging protocol required approximately 2 hours. Herein we report anatomic MR imaging and FreeSurfer results. DICOM files were conditioned by using the Radiological Society of North America Clinical Trials Processor and distributed to clinical specialists for processing (https://www.rsna.org/research/imaging-research-tools).
MR Imaging Clinical Interpretation
Each scan was assigned to 2 of 3 board-certified neuroradiologists for independent review. In the event of disagreement on any finding, all 3 reviewed and discussed the findings to arrive at a consensus on the final scoring. The radiologists viewed DICOM images via OsiriX Imaging Software (http://www.osirix-viewer. com), 18 allowing real-time generation of MPR and MIP images and synchronizing the spatial location between series and across time points. These features were useful in evaluating small foci of white matter signal abnormality.
Interpretations were standardized using a Web-based case report form based on the National Institute of Neurological Disorders and Stroke neuroradiologic TBI common data elements (QuesGen Systems, Burlingame, California). 19 The forms triggered external clinical referral in the event of critical findings.
Each neuroradiologist manually enumerated, annotated, and saved all relevant imaging findings using single-point ROIs and completed a series of electronic interpretation forms. We specifically evaluated and scored the following items: ventricular enlargement, asymmetric ventricles, arachnoid cyst, possible diffuse axonal injury (DAI)/traumatic axonal injury (TAI), contusion, gliosis, microhemorrhage, intracerebral hemorrhage, brain atrophy, encephalomalacia, dilated perivascular spaces, cavum septum, pituitary abnormality, pineal cyst, sinus disease, mastoid fluid, lymphadenopathy, ischemia/infarction, intraventricular hemorrhage, epidural hematoma, subdural hematoma, subarachnoid hemorrhage, and edema.
The broad category of T2 and FLAIR white matter signal changes was classified as DAI/TAI when there was increased T2 and FLAIR white matter signal in a pattern and distribution that could be consistent with prior traumatic injury. 9, 20 Possible DAI/ TAI lesions were typically identified in the subcortical white matter often involving the frontal or parietal lobes; however, we also included periventricular and deep white matter foci in this classification. Other definitions included the following:
• Encephalomalacia-focal cortical volume loss • Dilated perivascular spaces-longitudinally oriented cystic spaces nearly isointense to CSF on the T1, T2, and FLAIR sequences • Gliosis-an area of T2 FLAIR white matter signal exceeding 3 mm with morphology atypical for DAI/TAI or in an area of encephalomalacia.
The terms DAI/TAI, white matter T2 FLAIR hyperintensities, WMH, and white matter lesion burden are used interchangeably. For discrepant WMH counts, the larger number was reported.
Quantified Volumetric Analysis
Cortical and subcortical segmentation and volumetric quantification of the 3D T1-weighted sequence were performed using FreeSurfer (Version 5.3). Processing included removal of nonbrain tissue, 21 automated Talairach transformation, segmenting of subcortical white matter and deep gray matter structures, 12, 22 intensity normalization, 23 gray matter/white matter boundary tessellation, automated topology correction, 24, 25 and surface deformation following intensity gradients along the gray/white and gray/CSF borders. [26] [27] [28] Segmentations were checked to verify the automated reconstruction, and manual interventions corrected small processing defects and any segmentation inaccuracies due to the presence of lesions.
Statistical Analyses
Continuous outcomes are summarized using means and SDs, whereas discrete outcomes are summarized using counts and percentages. Statistical models include adjustment for age at study enrollment.
Baseline demographics are presented by study population with between-group differences tested using a Wilcoxon rank sum or x 2 test. Baseline characteristics were tested in the mTBI cohort between those with zero versus $1 WMH using logistic regression.
Baseline MR imaging findings are presented when prevalence in either study group was .3%. Total and regional WMH distributions are summarized by the number of WMHs and by the prevalence of $1 WMH with group differences, tested using logistic regression. Regional WMH patterns are displayed graphically using bar charts and were tested using the Fisher exact test.
Given the potential effect of sex on WMH burden, lesion prevalence was analyzed by sex for a subset of the healthy controls, and a sensitivity analysis was performed testing betweenstudy group WMH differences excluding women. We performed an exploratory analysis to try to understand more about participants with mTBI with outlier WMH counts (defined as any WMH count of .1.5, with interquartile ranges above the third quartile) and the following characteristics: TBI symptom duration (3 months to 5 years versus 1-5 years postinjury), number of injuries (1 versus multiple), type of injuries (lifetime history of blast versus blunt force versus a combination), baseline posttraumatic stress disorder diagnosis, number of deployments, and military tenure. For characteristics in which visual inspection of summary statistics indicated a potential trend, logistic regression models were fit to model the probability of WMH outliers predicted by the characteristic and adjusted for age.
FreeSurfer regional volumes, expressed as a percentage of total intracranial volume, are presented by hemisphere, parcellation type (cortical gray matter, subcortical gray matter, white matter), and study group. ROI-specific between-group differences were tested using general linear models with P values adjusted using the Holm-Bonferroni 29 procedure applied within parcellation type. Heat maps display group differences by ROI.
The relationship between regional FreeSurfer volume and WMH burden, defined as total or frontal WMH of 0 vs $1, was investigated by fitting general linear models of each regional volume with fixed effects of WMH burden and age. Models were fit separately for each study population and limited to those regions indicating a difference in volume between the mTBI and healthy control populations.
Analysis was performed using SAS 9.4 (SAS Institute, Cary, North Carolina), and statistical testing was performed at the a = .05 level unadjusted for multiple comparisons unless otherwise noted.
RESULTS
BIMA participants were younger (BIMA mean age , 33 6 7 years; range, 21-53 years; NORMAL mean age, 39 6 13 years; range, 18-65 years; P = .008), and more participants were male than healthy control participants (BIMA, 99% male; NORMAL, 77% male; P , .001). BIMA recruited nearly all active duty military (97%) compared with NORMAL (1%). In BIMA, time since injury ranged from 4 to 60 months (mean, 25.6 6 16.2 months), and injury types included a history of blast injuries (32%, n = 23), blunt force injuries (20%, n = 14), and a combination of blast/ blunt force injuries (48%, n = 34).
Structural Findings
The most common findings in the mTBI study group were DAI/ TAI, sinus disease, cavum septum, pineal cysts, dilated perivascular spaces, and brain atrophy ( Table 1 ). Only DAI/TAI (n = 56, 80% BIMA versus n = 45, 61% NORMAL; OR = 3.06; 95% CI, 1.40-6.69; P = .005) and brain atrophy (n = 22, 31% BIMA versus n = 10, 14% NORMAL; OR = 3.00; 95% CI, 1.23-7.30; P = .02) differed between groups. Incidental findings referred for clinical evaluation included the following: possible jugular foramen thrombus, maxillary bone lesion, pineal mass, possible demyelination, pituitary mass, and incidental intracranial aneurysms.
WMH Findings
We observed $1 WMH in 57 (81%) of the mTBI group versus 45 (60%) in the healthy controls ( Table 2) . Logistic regression models were fit to model the probability of lesion burden (defined as $1 WMH) and included an effect for study (BIMA versus NORMAL) to test differences in lesion burden between the mTBI and healthy controls populations and a covariate for age. The odds of $1 WMH in the mTBI group was about 3.5 times the odds for the healthy controls (95% CI, 1.58-7.72; P = .002) after adjustment for age (odds ratio without age = 2.92; 95% CI, 1.37-6.25; P = .006). Similar findings were seen for frontal lobe WMH (OR = 2.43; 95% CI, 1.16-5.08; P = .02). Median total WMHs in the mTBI and healthy controls groups were 3 (range, 0-108) and 1 (range, 0-83), respectively. Increasing white matter lesion burden in the mTBI-versus-healthy controls cohort was not observed in other regions ( Table 2) .
The most common lobar involvement pattern in the mTBI group was frontal-only (n = 26, 37%) versus no WMH (n = 30, 40%) in the healthy controls (Fig 1) . Differences in patterns approached but did not reach significance (P = .08).
Seventy-one percent (n 4 12) of the female healthy controls had $1 WMH versus only 39% of the male subgroup (OR 4 4.2; 95% CI, 0.96-18.42; P = .06). Results of this subanalysis should be interpreted with caution, given small within-group sample sizes. Results of the sensitivity analysis of WMH prevalence excluding women were similar to primary analysis results; 1 difference was that the OR for $1 corpus callosum body WMH increased in magnitude and became significant (OR = 8.17; 95% CI, 1.07-62.44; P = .04; other data not shown). No significant differences were detected between higher ($1) versus lower (zero) WMH burden for any baseline characteristics in the mTBI cohort, including age, military tenure, number of deployments, history of blast injury, time from injury (duration of postconcussive symptoms), or baseline composite clinical outcome scores 30 (data not shown).
Exploratory analysis of participants with mTBI who had an outlier WMH count (n = 7) versus those without (n 4 63) revealed a potential trend for longer military service (mean for WMH outliers = 16 years; 95% CI, 12-20 years; mean for WMH nonoutliers = 10 years; 95% CI, 9-12 years) and number of deployments (deployments for WMH outliers = 4.6; 95% CI, 2.8-6.3; for WMH nonoutliers = 2.7; 95% CI, 2.2-3.4). However, after adjusting for age, these associations were not statistically significant.
Volumetric Comparisons
Regional volumetric analysis revealed smaller mean volumes in the mTBI-versus-healthy controls cohorts. We identified significant (adjusted) between-group volume differences in the left insula, rostral anterior cingulate cortex, and trans-verse temporal gyri, as well as the right lateral and medial orbitofrontal cortices and postcentral and precentral gyri of the 68 regional cortical gray matter comparisons, in the left transverse temporal gyrus of the 68 regional white matter comparisons, and in the left cerebellum cortical and right thalamus regions of the 28 subcortical gray matter comparisons (Fig 2 and On-line Table) .
In the mTBI population, mean regional FreeSurfer volumes for all regions investigated were smaller among those with $1 WMH versus those with no WMH. No clear pattern across regions was identified in the healthy controls population. However, in general linear models adjusted for age, the only significant finding was in the healthy controls population, in which an increase was observed in the right lateral orbitofrontal volume in those with $1 WMH (adjusted mean = 0.51; 95% CI, 0.45-0.50) compared with no WMH (adjusted mean = 0.4; 95% CI, 0.49-0.53) (P = .04). Similar findings were observed in an analysis of frontal WMH related to regional volumes.
DISCUSSION
In this study, brain atrophy and the presence of WMHs were more common in participants with TBI compared with healthy controls, but WMH burden was not associated with baseline TBI injury history, military tenure, and age or cognitive, functional, or symptom outcomes. Some regional brain volumes were significantly different between groups as well. Exploratory analyses suggest a potential relationship between the presence of WMH and lower volumes in some brain regions.
This work adds to the growing body of literature about structural MR imaging findings after mTBI, particularly for WMH, which was the most common imaging finding in both mTBI and healthy controls groups. These findings present a clinical challenge, given their nonspecific nature and diverse causative etiologies, including normal aging. We found a greater frequency of frontal lobe involvement in the mTBI group. While this approached significance, the pattern supports the hypothesis that WMH related to non-TBI causes such as chronic small vessel ischemia or normal aging may demonstrate a more widespread distribution.
The types of imaging findings we observed were similar to those of another large military cohort by Riedy et al. 9 However, we identified WMH in 81.4% of our mTBI group, compared with 51.8% in that study, which also included individuals with moderate and severe TBI. We found a 4% prevalence of microhemorrhage versus 7% in that study. Methodologic differences could explain these discrepancies. We used multiple readers and adjudicated interpretations in contrast to a single reader in Riedy et al. Our neuroradiologists reviewed a volumetric T2 FLAIR sequence with 1-mm 3 voxels in 3 planes. The Riedy et al radiology reader reviewed a high-resolution sagittal T2 FLAIR sequence with 3mm reconstructions in the axial and coronal planes. Differences in reconstruction parameters may have given our neuroradiologists greater confidence in identifying small lesions. Our decreased prevalence of microhemorrhage may be secondary to the type of hemosiderin-sensitive sequence used in our protocol (2D T2*-weighted) versus the SWI sequence of Reidy et al. SWI is a more sensitive sequence for small, chronic hemorrhages. 31 Tate et al 11 performed SWI and FLAIR imaging in 77 military participants with mTBI comparable in age with our population, though their time from injury was shorter (mean = 10.1 versus 25.6 months). Tate et al found a 40.3% rate of FLAIR abnormalities, substantially less than the 80% rate of BIMA. The study of Tate et al analyzed 3-mm-thick routine FLAIR images in contrast to our volumetric acquisition described above. Furthermore, the study of Tate et al used multiple readers for only a small subset (15 examinations) of their interpretations. The higher baseline WMH rate in our healthy control group (60%) versus the orthopedic injury (49%) and posttraumatic stress disorder (29%) groups of Tate et al further supports an underlying methodologic difference possibly accounting for the varying rates.
We also observed a high rate of pineal gland cysts in both mTBI (46%) and healthy control groups (44%). Review of the recent literature demonstrates a high prevalence of pineal cysts in both pediatric 32 (57%) and adult populations 33 (35.1%) . Given the similar rates we observed across study cohorts, we suspect that this finding may be due to improved visualization secondary to higher resolution.
Whole-brain and regional volume loss following moderate and severe TBI is well-documented, but volume loss following mTBI is not well-established. Small sample sizes typically limit such studies (Dean et al, 34 . Our larger sample size allows our results to further substantiate the relationship between mTBI and regional volume loss, though region-level comparisons with other work are limited by heterogeneous definitions of mTBI, methodology, and varying time to injury. Our cross-sectional analysis revealed 10 regions with significantly smaller volume in the mTBI versus healthy controls. Future work could explore mTBI symptoms based on the degrees of specific regional volume loss such as in a report by Epstein et al 37 (n = 55), who found increased symptoms of aggression, depression, and anxiety in subjects with chronic mTBI. They found cortical thinning of the right lateral orbitofrontal cortex; however, findings were not significant after multiple-comparison correction. We observed an analogous significant (adjusted) decrease in the cortical volume of the right lateral and medial orbitofrontal cortices.
Strengths of our study include a single, prospective, standardized imaging and interpretation protocol across mTBI and healthy control groups; and 3 independent neuroradiologists with a priori rules for adjudication and the use of a 3T scanner with a 32-channel head coil. We attempted to minimize interpretation variability and maximize sensitivity for the detection of small lesions using standardized interpretation forms, isotropic multiplanar reconstructions, adjudicated interpretations, and pre-established guidelines for classifying imaging findings. Despite our attempt to establish a robust control group, there were some differences in age and sex between the study cohorts. FreeSurfer regional volume differences between mTBI and healthy control cohorts. The heat map presents mean differences by study population (mTBI versus healthy control) in FreeSurfer regional volumes by region and hemisphere. Colors within each cell represent the magnitude of the mean difference: Blue represents no difference between groups, and red indicates a negative difference (ie, smaller mean volume in mTBI compared with the healthy control group). Asterisks within each cell indicate regions where a significant difference in volume (after Holm-Bonferroni correction) was identified between study groups according to general linear models adjusted for age.
We adjusted for age in statistical models testing between-group differences. Although we were unable to adjust for sex given that only 1 woman enrolled in the mTBI cohort, we conducted a sensitivity analysis excluding women and obtained similar results.
Our mTBI group also had variability in the time since injury and diverse injury types, and this heterogeneity in injury could mask imaging differences between study groups. Another limitation is the lack of preinjury or acute postinjury imaging in our participants, which limits our ability to understand the causative association between mTBI and WMH. Predeployment imaging in military populations may help characterize the chronicity of white matter changes following mTBI. In addition, MR imaging findings, including WMH, have not yet been associated with long-term clinical outcomes after mTBI. Our study supports WMH being more frequent in those with mTBI, but at least in our cohort, WMH burden could not be used to make statements about clinical outcome, which may require a much larger sample size.
CONCLUSIONS
Group analyses demonstrated statistically significant decreases in regional brain volumes. While group-based differences are of limited value to a radiologist interpreting an individual MR imaging, such findings motivate future effort in establishing volumebased biomarkers for prognostication. We identified structural findings in both mTBI and healthy control cohorts. Because high-resolution scans (3D sequences with isotropic 1-mm 3 voxels) have become commonly performed for multiple brain-related problems such as traumatic brain injury, stroke, anoxia, inflammation, and dementia, understanding the frequency of imaging findings relative to control groups is crucial.
We found a higher prevalence of WMH burden than Riedy et al 9 and Tate et al. 11 While methodologic differences could account for this prevalence, our results emphasize the importance of a dedicated mTBI imaging protocol such as the Defense Centers of Excellence for Psychological Health and Traumatic Brain Injury with high-resolution structural imaging (https:// health.mil/Reference-Center/Forms/2013/07/08/Neuroimagingfollowing-TBI-in-non-deployed-setting).
While white matter findings are nonspecific and a clinical challenge, we observed a greater prevalence of $1 WMH in our mTBI-versus-healthy control groups after adjustment for age. A frontal-only distribution of WMH was observed more commonly in the mTBI group. Our results suggest that prior trauma should be considered in the differential diagnosis of multifocal white matter abnormalities with a clinical history suggesting even mTBI.
